We performed low-frequency sound measurements on 3 He in 98% aerogel in a magnetic field that was varied between 0 and 2130 G at a fixed pressure of 27.9 bar. We monitor the frequency of the second sound like ͑slow͒ mode, which is the manifestation of superfluidity of 
I. INTRODUCTION
He is recognized as an extremely pure system that undergoes a transition from a normal Fermi-liquid to a p-wave superfluid at low enough temperatures. It has been found that a very dilute network of silica strands, aerogel, acts as an impurity in 3 He. 1 Typical aerogels used in 3 He studies have a porosity of ϳ98% ͑Refs. 2-5͒ and exhibit fractal structure with a distribution of correlation lengths between a few nanometers and 100 nm. Since the silica particles' diameter ͑ϳ2-5 nm͒ is smaller than the superfluid 3 He coherence length ͑ 0 = 15-80 nm͒, aerogel acts as a collection of correlated impurities enabling the study of disorder on a strongly interacting Fermi liquid. The aerogel has a significant effect on the 3 He phase diagram, which exhibits different features compared to bulk 3 He. The most obvious is the suppression of the superfluid transition T c and of the superfluid density s / . 1, 6 In addition the A-like phase appears to be highly hysteretic, displaying an enhanced supercooling, [7] [8] [9] together with stable coexistence of the A-like and B phases 7,9-11 observed under specific preparation conditions. Further, on warming in zero field, the A like phase fails to reappear except perhaps in a region of width ഛ20 K below the superfluid transition, T ca .
In the work reported here, we used the low-frequency sound technique to obtain the superfluid density, s / of 3 He confined to 98% aerogel in a magnetic field. The measurements carried out in both the isotropic B phase and the metastable A-like phase ͑which we refer to as the A * phase throughout the paper͒ reveal that the superfluid component of the A * phase s A * , which we had found to be suppressed to Ϸ0.5 s B in zero field, continues to be suppressed by the same factor in fields up to 1270 G. The B → A * transition was not seen in s / on warming until a field Ͼ1270 G was applied, calling into question whether the A * phase is really the lowest energy ͑equilibrium͒ phase in low fields at this pressure. Alternatively, the B phase must exhibit superheating ͑unlike the bulk͒ and persist to near T ca in a metastable state.
Although several measurements using various experimental techniques have been performed in the 3 He-98% open aerogel system, the question of whether A * phase is actually the bulk A phase or a different equal-spin-paired state is still unanswered. 12, 13 Experiments in a 99.3% open aerogel ͑that is significantly more open͒ identify the A * phase as the Planar state.
14 Most theoretical investigations [15] [16] [17] have concentrated on the B phase, which has been conclusively identified through NMR. 11, 18, 19 . Hänninen et al. 20 and Higashitani et al. 21 calculate the suppression factors for the two components of the anisotropic A phase and for the B phase. These theoretical results will be compared to experimental behavior that shows s A * / s B Ϸ 0.5. 22 More recent work has elucidated the role of the solid 3 He layer in the suppression of the highfield A 1 phase. 23 With the question of the existence of the A 1 phase now settled, 24 attention should turn to the nature of the A * phase. In bulk and conventionally confined 3 He, other possible phases were proposed [25] [26] [27] but not experimentally observed.
II. EXPERIMENTAL METHOD
Two-fluid hydrodynamics describes a superfluid as a combination of two interpenetrating normal and superfluid components. 28 In the presence of an elastic matrix ͑aerogel͒, the normal fluid component is clamped to the matrix, since the viscous penetration depth exceeds the characteristic separation of the silica strands in aerogel and can oscillate either in phase or out of phase with the superfluid component, giving rise to the so-called fast and slow modes, which are equivalent to a compressional wave and second sound in bulk, respectively. The slow mode also corresponds to fourth sound in rigid porous media. McKenna et al. observed the second sound like mode in 4 He in aerogel, 29 modified the conventional two-fluid hydrodynamic equations by coupling the normal component to the elastic skeleton of aerogel, and showed that the antisymmetric ͑slow͒ and symmetric ͑fast͒ modes could propagate in the superfluid. Analysis of the slow-mode velocity as a function of temperature provides information about the superfluid fraction in the 3 He-aerogel system and can be described by the following equation: 
which in the limit of c s 2 Ӷ c a 2 can be rewritten as
where c s is the slow mode velocity and c a is the longitudinal sound velocity in aerogel. a and are the densities of aerogel and bulk 3 He, respectively.
III. CELL AND MEASURING TECHNIQUE
We studied the low-frequency sound propagation of 3 He in aerogel 30 in a pure silver cell ͑chosen to minimize the specific heat in a magnetic field͒. The 98% aerogel sample ͑ϳ1 cm 3 ͒ has a cylindrical shape and was inserted in a closefitting cavity in the cell body. Two coin silver wafers with 0.5 mm thick piezoceramic PbTiO 3 disks glued on top, capped off the cavity at either end and functioned as microphone and speaker. Coin silver was used because of its superior elastic properties ͑compared to pure silver͒ and moderate specific heat in the presence of a field. Both transducers were in contact with the aerogel, which ensured that the aerogel was clamped in the cell body. The 3 He inside the cell was cooled by a ϳ3.2 cm 3 silver sinter heat exchanger. The experimental cell was mounted on a nuclear demagnetization cryostat with a copper nuclear stage. A vibrating wire viscometer and 3 He melting-curve thermometer monitored the temperature of 3 He in the cell and on the experimental plate of the cryostat. To minimize the radiation of the sound field into the heat exchanger and vibrating wire volumes we reduced the diameter of the channels connecting these to the sound cell down to 0.5 mm.
We applied an ac drive to the speaker and used a lock-in amplifier connected to the microphone to detect the response of the 3 He-aerogel system. The frequency was swept in the range between 5 and 450 Hz. All measurements were taken at a fixed pressure of 27.9 bar, and we varied the field between 0 and 2130 G.
IV. EXPERIMENTAL RESULTS
An example of the second sound like mode at B = 747 G is shown in Fig 1. The left and right panels show the evolution of the slow mode on cooling and warming, respectively. The sharp kink at ϳ1.35 mK is the signature of the A * → B transition that was observed only on cooling in this field. The cooling rate was varied between 10 and 50 K / h, and the A * → B transition always occurred at the same temperature and displayed a characteristic width of ϳ20 K, in accord with the zero field data obtained in the same aerogel sample. 22 Also, we did not observe any history dependence of the A * → B transition. Using Eq. ͑2͒ we calculate the superfluid fraction of 3 He in aerogel versus temperature. To determine s / accurately, we had to account for the "edge mode" contribution. The so-called edge mode is associated with the longitudinal oscillations of bulk superfluid 3 He in a thin sliver between the aerogel cylinder and the walls of the experimental cell. This edge mode was observed earlier by Golov et al. 6 for superfluid 3 He in aerogel and by Mulders et al. 31 for superfluid 4 He in aerogel. Its sound velocity can be expressed as c edge =A·͑ s bulk / bulk ͒ 1/2 , where A is a geometrydependent constant. The bulk 3 He-B normal fluid density can be described through the low-temperature form of the Yoshida function, Y͑t͒ 32 and in the simplest case the relation between the normal fraction, n bulk / bulk and temperature can be written as
where t = T / T c bulk is the reduced temperature and ⌬ B is the energy gap. We find that we can fit the edge-mode contribu- tion with an accuracy better than 10% using the parameters A = 5.2 m / s and the values of n bulk / bulk versus T at P = 29.1 bar taken from Ref. 33 .
Examples of the superfluid fraction, s / at B = 2130 G, 1270 G, 747 G, and earlier data in 0 G ͑after subtraction of the edge-mode contribution͒ are shown in Fig. 2 . In all cases, the lower trace was taken on cooling and the upper one on warming. There is a significant difference in the magnitudes of the s / of the metastable A * ͑seen while cooling͒ and the B phase, which appears at low temperatures and persists to T ca on warming in Fig. 2͑B͒ at P = 27.9 bar were found to be in good agreement with earlier reported zero-field data at a similar pressure. 6, 7 In Fig.  2B we also plot the s bulk / values ͑filled circles͒ measured in the bulk B phase 33 at P = 24.17 bar to emphasize the suppression of s / in 3 He in aerogel compared to bulk 3 He. proceed to completion because the warming trace at 2130 G lies between the cooling and warming traces taken at 747 G. The B → A * transition occurs at T = 1.45 mK, and once it is complete the slow mode frequency falls on the corresponding A * cooling trace taken at 747 G. This was the only B → A * transition we observed in our experiments. The temperature independent stable coexistence of the A * and B phases seen in the 2130 G data is similar to our earlier observations in zero field. 7, 22 Our findings do not agree with the results of Moscow group 11 who used pulsed NMR to measure the relative fraction of the A-like and B phase versus temperature below T ca . They observed a slow conversion from the A-like into the B phase below T ca , with a rate determined by the proximity in temperature to the A * → B transition. At P = 25.5 bar and B = 284 G the conversion proceeded over several hours at T / T ca Ϸ 0.9, while it took only several minutes at T / T ca Ϸ 0.8. The discrepancy in the lowfrequency sound and NMR results suggest that the magnetic field, which modifies textures in the bulk and the surface solid 3 He ͑whose magnetization may play a role in the stabilities of the A * and B phases͒, cannot provide the mechanism for the metastability and time-dependent conversion of the A * into the B phase as proposed by us earlier. 22 In our experiments, we found that T A * B depends on the strength of the magnetic field ͑consistent with earlier work 3, 34 ͒ and is significantly suppressed compared to the zero-field results. 7, 22 In Fig. 4 The fact that our B → A * transition was only seen at the highest field and was never observed at 1270 G ͑or 747 G͒ is very peculiar. According to the data of Gervais et al. 4 shown in Fig. 4 the B → A * transition occurs approximately 230 K higher than the A * → B transition and the temperature offset only weakly depends on the field. If we use the same approach, namely, extrapolate the T BA * in our experiments by offsetting it by 400 K ͑based on the 2130 G data͒, then we would predict T BA * at B = 1270 G to occur at Ϸ1.6 mK. If the B → A * transition temperature scales as B 2 ͑the limiting behavior in the B → 0 limit͒, then the B → A * transition should occur at Ϸ1.7 mK. These two temperatures form the boundaries of the gray box shown in Fig. 2B . Clearly, no signature of the B → A * transition was observed at this temperature. We note that the results of Gervais et al. 4 also do not show a B → A * transition below ϳ1400 G, even though they, too, should have adequate sensitivity to resolve this. Figure 2 summarizes the s / obtained in different fields and Fig. 2͑D͒ shows the zero field values of s / taken from. 22 In bulk 3 He-A, the superfluid density is a tensor quantity and is determined by the relative orientation of the orbital angular momentum vector l and the superflow. 32 To measure the anisotropic components of the superfluid density tensor it is necessary to orient the l texture of the superfluid. In the bulk, this can be achieved, for example, by taking advantage of the preferential orientation of the spins ͑perpen-dicular to the d vector͒ along the magnetic field direction, and the alignment of d with l. The l texture is also oriented perpendicular to the cell walls. With the field parallel to the walls, a uniform texture with sЌ may be created with l perpendicular to the flow. By application of a magnetic field perpendicular to the walls, a nearly uniform texture may be created with l parallel to the wall, thus allowing sʈ to be inferred ͑the finite bending radius ϳ25 m precludes a direct measurement of sʈ because of the nonuniform texture͒ and the ratio, sЌ / sʈ = 2, is only a limiting case. Torsional oscillator experiments 35 demonstrated the anisotropic nature of s / in 3 He-A and also found consistency at 23 bar between the theoretically expected ratio of sЌ / s B =6/5, as was later seen in experiments at Manchester. 36 Aerogel is a medium that should be intrinsically isotropic. Presumably the superflow direction is highly local in orientation as the superfluid must bypass regions of high silica density ͑where superfluidity is most likely suppressed͒. Consequently, one would expect only a little anisotropy in s A* / to be revealed by the application of a magnetic field perpendicular to the axis of the cylindrical sample. It is possible that in zero field there might be local domains of the texture ͑possibly manifested by the broad NMR line shapes͒ and that a progressively larger field would orient these domains with l ʈ to the superflow. However, there is no evidence of any decrease in s A* upon applying a field ͑compare the lower panel in Fig. 2 to the upper panel͒. We take this to imply that the superfluid density in the A-like phase is most likely isotropic.
V. DISCUSSION
If we assume the A * phase to be the bulk A phase, then the results of two theoretical works 20, 21 predict an anisotropy of the superfluid density tensor in aerogel. Higashitani 20 find the same expression for the superfluid density. However, they suggest that the suppression of sʈ A should increase as the temperature is lowered, in contrast to the experimental observations. It is well known that the homogenous scattering models cannot account for the strong suppression of the superfluid density relative to T c , and thus inhomogenous scattering models ͑reflecting local anisotropic scattering from the strand like aerogel͒ are thought to be more appropriate. 16, 23 Despite the limitations of the homogenous scattering model, the size of the ratio s A * / s B Ϸ 0.5, which is outside the bounds of the predictions of the theoretical work, together with the absence of any variation of s with magnetic field, suggest that the A * phase cannot be unambiguously identified as the bulk 3 He A-phase. Indeed, recent theoretical works of Fomin 12, 13 propose another equalspin-paired state ͑axiplanar phase͒ as a stable A-like phase in the presence of disorder, though there are no accompanying predictions for the magnitude of the superfluid density in this phase.
In the bulk B phase in zero field, the energy gap ⌬ B is isotropic and no anisotropy in the superfluid density is expected. 32 However, the presence of a magnetic field distorts ⌬ B . Earlier ultrasound measurements in the bulk demonstrated the suppression of the energy gap by ϳ8% at B = 5 kG and P = 29.3 bar. 37, 38 In our field range ͑up to 2.1 kG͒ the distortion is expected to be on the order of 1.5%, which implies a decrease of s B / by less than 1%, within the scatter of our measurements.
From the superfluid density shown in Fig. 2 and Eq. ͑3͒, we can deduce the zero-temperature energy gap for the B phase I, 33, 39, 40 which yields ⌬ B Ϸ 0.5⌬ bulk , in agreement with the earlier NMR measurements of Barker et al. 5 and heat capacity data. 41 In bulk 3 He the nucleation of the B phase from the A phase at the first-order transition can be explained in the framework of the free-energy and surface-energy differences between two phases. 42, 43 This approach first assumes the nucleation of a seed of the B phase inside the metastable A phase. Once the size of a seed exceeds the critical radius R c , the transition to the energetically favored B phase occurs rapidly. Experimentally, it has been shown that the B phase formation can be stimulated by radiation 42 and is also aided by any roughness at the bounding surfaces on a scale larger than the coherence length. The critical radius can be expressed as R c =2 AB / ⌬G, where AB is the surface tension between the two phases and ⌬G is the bulk free-energy difference. Work of Osheroff and Cross 44 provided insight into the surface tension between the A and B phases in bulk 3 He and established that AB ϳ F s ͑T͒. Here F s is the difference between the normal phase and superfluid free energies at T AB and the temperature-dependent coherence length, ͑T͒ is given by the expression
where ͑3͒ is the Riemann Zeta function. We assume 45 34 on a different aerogel sample near melting pressure.
The strong supercooling of the A * → B transition in aerogel confirms that this is a first-order transition and the fact that its temperature is not affected by the cooling rate suggests that the temperature of the transition is determined mainly by the microstructure of aerogel, which strongly pins the A * B interface. The Northwestern group's result for the critical radius of the seed of the B phase in the A phase is R c aerogel ϳ 5R c bulk ͑Ref. 34͒ and suggests a larger energy of the A * -B interface. The A * → B transition's finite width ͑ϳ20 K͒ also supports the argument that pinning dominates the dynamics of the interface. Our results for the transition's width are consistent with the earlier hybrid vibrating wire experiments by Brussaard et al. 3 and the recent experiments at Stanford. 9 We would also argue that in highly confined 3 He, such as that encountered in the experiments with large 4 He content, 46 pinning would likely ensure that only the A * phase would be present. In the bulk, it is generally acknowledged that even when the experiment is taken below the supercooled A * → B transition, small seeds of the A phase remain trapped ͑perhaps in corners of the cell͒, while the rest of the liquid is in the lower-energy B phase. When warming, the A phase regenerates without superheating from these seeds. Because we have a limited data set, we can only speculate that there is some critical field ͑in the region of 1400 G͒ above which the surface or pinning energy ͑that is a barrier to the propogation of the A * phase͒ is overwhelmed by the difference in the free energies of the A * and B phases. Certainly the critical radius is very large for disordered 3 He, and this fact together with pinning may explain why the A * phase fails to reappear while warming in low fields. On the other hand, our only B → A * transition was observed from a mixture of the A * and B phases rather than the B phase alone, and this may have assisted to reestablish the A * phase. Clearly there is a need for a thorough investigation of the hysteresis of the A * → B transition in fields near 1400 G.
VI. CONCLUSION
We performed low-frequency sound measurements in 3 He confined in 98% aerogel in the presence of a magnetic field oriented perpendicular to the sound propogation direction.
We observed the second sound like ͑slow͒ mode, and, from measurements of this mode's sound velocity versus temperature, we inferred the superfluid fraction s / in both A * and B phases. We did not observe any significant field dependence of s / in either phase. However, s A * / and s B / differ in magnitude by a factor of two. This behavior is inconsistent with the evolution of the superfluid density in the bulk A phase and suggests that another equal spin-paired phase can be stable in the presence of disorder. We also argue that at a critical field around 1400 G, the free-energy difference between the two phases overcomes the pinning energy, enabling the transition from the B phase to the A * phase.
